Pate KM, Sherk VD, Carpenter RD, Weaver M, Crapo S, Gally F, Chatham LS, Goldstrohm DA, Crapo JD, Kohrt WM, Bowler RP, Oberley-Deegan RE, Regan EA. The beneficial effects of exercise on cartilage are lost in mice with reduced levels of ECSOD in tissues. J Appl Physiol 118: 760 -767, 2015. First published January 29, 2015 doi:10.1152/japplphysiol.00112.2014 is associated with increased mechanical damage to joint cartilage. We have previously found that extracellular superoxide dismutase (ECSOD) is decreased in OA joint fluid and cartilage, suggesting oxidant damage may play a role in OA. We explored the effect of forced running as a surrogate for mechanical damage in a transgenic mouse with reduced ECSOD tissue binding. Transgenic mice heterozygous (Het) for the human ECSOD R213G polymorphism and 129-SvEv (wild-type, WT) mice were exposed to forced running on a treadmill for 45 min/day, 5 days/wk, over 8 wk. At the end of the running protocol, knee joint tissue was obtained for histology, immunohistochemistry, and protein analysis. Sedentary Het and WT mice were maintained for comparison. Whole tibias were studied for bone morphometry, finite element analysis, and mechanical testing. Forced running improved joint histology in WT mice. However, when EC-SOD levels were reduced, this beneficial effect with running was lost. Het ECSOD runner mice had significantly worse histology scores compared with WT runner mice. Runner mice for both strains had increased bone strength in response to the running protocol, while Het mice showed evidence of a less robust bone structure in both runners and untrained mice. Reduced levels of ECSOD in cartilage produced joint damage when joints were stressed by forced running. The bone tissues responded to increased loading with hypertrophy, regardless of mouse strain. We conclude that ECSOD plays an important role in protecting cartilage from damage caused by mechanical loading. extracellular superoxide dismutase; osteoarthritis; bone; cartilage; running OSTEOARTHRITIS (OA) is associated with abnormal mechanical loading on the cartilage surface, particularly in mal-aligned or unstable joints, or in posttraumatic arthritis after intra-articular fractures. In epidemiology studies, heavy laborers and individuals with high body mass index have increased rates of OA (1, 34). Excessive mechanical loading on cartilage and other tissues can generate reactive oxygen species and cartilage damage (16, 33), while antioxidants are protective (3).
OSTEOARTHRITIS (OA) is associated with abnormal mechanical loading on the cartilage surface, particularly in mal-aligned or unstable joints, or in posttraumatic arthritis after intra-articular fractures. In epidemiology studies, heavy laborers and individuals with high body mass index have increased rates of OA (1, 34) . Excessive mechanical loading on cartilage and other tissues can generate reactive oxygen species and cartilage damage (16, 33) , while antioxidants are protective (3) .
We have previously shown that human OA cartilage and joint fluid have reduced levels of a key catalytic antioxidant, extracellular superoxide dismutase (ECSOD), and show evidence of oxidant damage (25) . It is unknown whether this deficiency is a primary event in the pathogenesis of OA or a later consequence of the disease. Since OA is a disease process that occurs over a prolonged time period, the effect of excessive mechanical loading on cartilage with reduced antioxidant protection (i.e., loss of ECSOD) provides a clinically relevant model for studying OA.
A naturally occurring human single-nucleotide polymorphism (SNP) in ECSOD occurs at amino acid 213, where glycine is substituted for arginine (23) . This substitution is in the heparin binding domain of ECSOD and causes the protein to lose its affinity for the negatively charged extracellular matrix (ECM). This leads to decreased levels of ECSOD in tissue and increased levels in plasma, resulting in a diminished ability of ECSOD to scavenge superoxide in tissue (11) . This mutation has been associated with cardiovascular disease (12) but has not been studied in OA. A transgenic mouse model of this human mutation has been recently developed (9) . We considered forced treadmill running as a surrogate for excessive mechanical loading given that strenuous running can cause both structural (32) and oxidative damage (2) . We postulated that mice with the R213G SNP would be at increased risk of joint damage when exposed to forced treadmill running compared with wild-type mice with normal levels of cartilage ECSOD.
MATERIALS AND METHODS

Animals.
A knock-in mouse for the R213G variant of ECSOD was generated on a 129 SvEv background and characterized by Hartney et al. (9) . The 129 SvEv (WT) mice were used as controls for mice heterozygous for the R213G variant of ECSOD (Het), and both strains were used in the following experiments. Animals were housed 5 per cage in standard mouse cages in the animal facility at National Jewish Health (NJH) where they were exposed to a 12:12-h light-dark cycle and fed and provided water ad libitum. The experimental protocol was reviewed and approved by the NJH Institutional Animal Care and Use Committee.
Training. Male mice, 4 -6 mo of age, were randomized to either the treadmill running (n ϭ 21 per strain) or unstressed control groups (n ϭ 12 per strain) over three experimental cohorts. Run training consisted of daily exercise on a rodent treadmill (Exer 3/6 Treadmill, Columbus Instruments, Columbus, OH). This regimen was adapted from a previous study showing strenuous exercise caused chondrocyte changes (2) . The introductory week began with animals spending 10 min in the treadmill environment without the belt moving, followed by running for 10 min at a 10 m/min pace. On days 2-5, animals were exercised for 15 min at 12 m/min, 25 min at 13 m/min, 35 min at 14 m/min, and 45 min at 15 m/min. If animals refused to run, they came into contact with a metal grid that delivered a mild electrical shock (0 -1.5 mA; 1-3 Hz) to motivate them to continue running. For the next 8 wk, animals ran for 45 min/day at 15 m/min, 5 days a week, as modified from Baur and colleagues (2) . Although no physiological parameters were measured during exercise, extrapolations from previous studies would suggest that this running intensity would be between 50 and 70% of the maximum oxygen uptake (V O2max) for these mice (7, 27, 29) . The Monday following the last running session, which occurred on a Friday, animals were euthanized with pentobarbital sodium (Fatal-Plus, Vortech Pharmaceuticals, Dearborn, MI). Both knee joints were dissected around the joint capsule, which included small portions of the distal femur and proximal tibia. The right knee was placed in 4% paraformaldehyde (PFA) in 1 M phosphate-buffered saline solution (PBS, pH 7.4), and the left knee was frozen in liquid nitrogen for protein or RNA extraction. Tibias were dissected and frozen in liquid nitrogen. Frozen tissues were stored at Ϫ80°C until further analyses.
Joint histology. Following fixation, knee joints were decalcified for 1 wk (Calci-Clear Rapid, National Diagnostics, Atlanta, GA), dehydrated, processed with a clearing agent (Histo-Clear, National Diagnostics), and embedded in paraffin. Coronal sections were made (5 m) through the anterior tibiofemoral compartment. Slides were then deparaffinized, rehydrated, and stained with a Safranin O staining kit (no. 8348, ScienCell Research Laboratories, Carlsbad, CA) and counterstained with Fast green to determine joint morphology. Sections were viewed using light microscopy, and color images were captured (10ϫ magnification) using a camera and computer software program (Image-Pro Plus, Media Cybernetics, Bethesda, MD), with settings consistent between capture sessions. Sections stained with Safranin O were scored for the progression of OA according to a 0 to 6 subjective scoring system, adapted from Glasson and colleagues (8) and Pritzker and colleagues (24) . The medial and lateral articular surfaces of the tibia and femur were scored by two readers blinded to group, and a blinded consensus read was performed to resolve any differences and achieve final consensus scores. A final, summed score was calculated for each animal. Each of the surfaces and the sum were analyzed using the Wilcoxon rank sums nonparametric test (JMP 10.0, SAS Institute, Cary, NC). Additionally, articular cartilage area, thickness, and subchondral bone thickness were also evaluated (18) , and these scores were similarly analyzed.
Additional sections were used to detect DNA fragmentation using an In Situ Cell Death Detection Kit (TUNEL; Roche Applied Science, Indianapolis, IN) according to the instruction manual. Sections were subsequently mounted with Vectashield mounting medium for fluorescence with DAPI (Vector Laboratories, Burlingame, CA). TUNEL staining in the articular cartilage of each section was quantified using Image-Pro Plus and Adobe Photoshop CS5. First, articular cartilage area was determined for each section. The total number of chondrocytes was subsequently enumerated using a DAPI fluorescent filter, while cells that were TUNEL-positive were enumerated using a FITC filter. The sections were scored by two readers blinded to group, and a blinded review was performed to resolve any differences and achieve a final consensus score. These data were expressed as a ratio of positively stained cells to total cells enumerated.
Immunostaining of joint tissue for ECSOD and nitrotyrosine. Tissue sections were deparaffinized, hydrated, boiled in 0.1 M sodium citrate, washed in PBS, and incubated with 3% H2O2 for 5 min to quench endogenous peroxidase activity. Slides were then washed in PBS and blocked with BSA in PBS for 30 min at 37°C. Primary antibody was applied and incubated overnight at 4°C (polyclonal rabbit antibody against mouse ECSOD, 1:1,000, generously provided by Dr. Tim Oury at the Univ. of Pittsburgh; polyclonal rabbit antibody against multispecies nitrotyrosine, 1:100, no. 06-284, EMD Millipore, Billerica, MA). Negative control sections were incubated in PBS overnight, without the primary antibody. The slides were stained using a Vectastain Elite ABC Kit, Rabbit IgG (Vector Laboratories) according to manufacturer's instructions, incubated with diaminobenzidine (DAB), and then counterstained with hematoxylin.
Joint and bone homogenization. Frozen knee joints, including synovium and meniscus, and tibias, including bone marrow, were pulverized under liquid nitrogen using a tissue gun, placed in lysis buffer [5 mM EDTA, 50 mM Tris, 150 mM NaCl, 1% Nonidet P-40, Complete Mini Protease Inhibitor (Roche)], sonicated, and rotated overnight at 4°C. Homogenates were centrifuged at 12,000 rpm for 10 min, and supernatants were retained. Protein concentrations of the homogenates were determined using the Bradford method (4).
Western blots. Western blotting was used to measure ECSOD, MnSOD, and CuZnSOD protein levels within joint homogenates. Equal amounts of protein were loaded on 12% Tris-HCl polyacrylamide gels, separated by one-dimensional electrophoresis, and electrophoretically transferred to polyvinylidene fluoride membranes. Nonspecific binding was blocked by incubating membranes in 5% nonfat milk in TBS-T (50 mM Tris, 150 mM NaCl, 0.1% Tween 20) overnight at 4°C. Membranes were incubated with primary antibody (polyclonal rabbit antibody against mouse ECSOD, 1:1,000; polyclonal rabbit antibody against multispecies nitrotyrosine, 1:1,000, no. 06-284, EMD Millipore; polyclonal rabbit anti-CuZnSOD, 1:1,000, no. ADI-SOD-100, Enzo Life Sciences; polyclonal rabbit antiMnSOD, 1:1,000, no. ADI-SOD-110, Enzo Life Sciences, Farmingdale, NY) for 1 h in 1% nonfat milk in TBS-T, washed three times in TBS-T, and incubated with secondary antibody (goat-anti-rabbit conjugated to horseradish peroxidase, 1:10,000 in TBS-T). Blots were developed using ECL Plus Kit (GE Healthcare Biosciences, Pittsburgh, PA) and visualized via Molecular Dynamics Storm Imager (GE Healthcare). Densitometry was performed on visible bands using Image-Pro Plus Software (Media Cybernetics), which were normalized to the amount of loaded protein. To quantify loaded protein, all membranes were subsequently stained using a Ponceau S solution. Briefly, membranes were immersed in methanol, incubated in a 1% vol/vol Ponceau S and acetic acid solution for 5 min, and then destained using distilled water until bands were visible.
RNA extraction and real-time RT-PCR. Real-time RT-PCR was used to measure the mRNA expression of the ECSOD gene. Briefly, RNA was extracted from crushed, isolated knee joints using RNeasy Mini Kit (QIAGEN, Valencia, TX). RNA concentration was verified using spectrophotometry. Reverse transcription was performed using Taqman RNA-to-Ct 1-Step kit with Taqman probes (Applied Biosystems, Foster City, CA). 18S was used as the housekeeping gene. The threshold cycle was recorded for each sample to reflect the mRNA expression levels. Results were analyzed using the Ϫ2⌬⌬CT method as described, calculating fold gene expression change of treatment over untreated condition (30) .
Bone morphometry. Bone structural characteristics were assessed ex vivo by microcomputed tomography (CT) (Siemens Inveon, Erlangen, Germany) of whole tibia scans using a resolution of 21 m. Scans were imported into ImageJ, a public domain Java-based image processing program developed at the National Institutes of Health. The BoneJ plugin was used to determine cross-sectional and polar moments of inertia (Imax, Imin, Ip) and section moduli (Zmax, Zmin, Zp) of the principal axes, cross-sectional area (CSA), and cortical thickness at a slice just proximal to the junction of the tibia and fibula (22) .
Bone mechanical testing. After imaging, tibial fracture strength and stiffness were determined by performing fracture tests in compression using a material testing system (Insight 30; MTS Systems, Eden Prairie, MN). Load and displacement data were collected using TestWorks software and a 500 N MTS load cell. The ends of each bone were fixed in blocks of urethane, and loading occurred along the longitudinal axis. Force was applied with a preload of 1 N at a strain rate of 0.005/s until bone failure. Failure load (N) was defined as the maximum load on the load-displacement curve. Stiffness (N/mm) was defined as the slope of the load-displacement curve in the linear region.
Bone finite element modeling. Models of the murine tibia were developed from computed tomography data (voxel size ϭ 0.02 mm 3 ). Segmentation and meshing were performed in ScanIP (Simpleware, Exeter, UK) to create three-dimensional models. To reproduce the mechanical testing conditions, blocks were incorporated into the model to imitate the urethane used for fixing the bones. The urethane was assigned an elastic modulus of 6,832 MPa and a Poisson's ratio of 0.3 (manufacturer's specifications). Models were then imported into Abaqus (Dassault Systemes, Waltham, MA) for finite element analysis. The bone was assigned an elastic modulus of 18,000 MPa and a Poison's ratio of 0.3. The failure load determined during testing for each sample was divided by the area of the block to obtain the pressure applied in the z-direction. Peak von Mises stress at the time of failure was computed by sampling 30 elements in the region containing the highest stress. To compare the stress levels experienced in each bone under a single, consistent load, a standard force of 100 N was also applied across the top of the urethane block. For this loading condition, an average von Mises stress was computed at the cross-section at the middiaphysis, just proximal to the junction of the tibia and fibula.
Statistics. Data were pooled from all three experiments. Densitometric analysis of visible bands on ECSOD Western blots were analyzed using a one-way ANOVA followed by Tukey HSD post hoc tests. TUNEL staining was analyzed for the WT and Het runners using a two-tailed, unpaired t-test. Joint damage, articular cartilage, and subchondral bone parameters (area, thickness) were analyzed for the WT and Het runners using Wilcoxon nonparametric tests (JMP 10.0, SAS Institute). Bone data were analyzed using SAS 9.3 (SAS Institute, Cary, NC), and two-way ANOVAs were used to test for strainby-exercise interaction effects, and for main effects of strain and exercise. In the case of a significant interaction term, Tukey-Kramer HSD tests were used to make pairwise comparisons. A P value Ͻ0.05 was considered significant. Values are presented as means Ϯ SE.
RESULTS
Animal weights.
At the start of the experiment the average age and weight of the animals were 5.3 Ϯ 1.1 mo and 33.4 Ϯ 5.1 g, respectively. The percent changes in weight from the start to the end of the experiment were ϩ0.6 Ϯ 1.1% (WT Sed), Ϫ3.1 Ϯ 1.5% (WT Run), ϩ2.9 Ϯ 1.5% (Het Sed), and Ϫ2.0 Ϯ 1.5% (Het Run). The end weights of the WT Run and Het Run animals were significantly lower than the end weights of their unstressed counterparts (P Ͻ 0.01) but were not different from each other.
SOD isoenzymes: localization of proteins and gene expression. The amount of ECSOD protein in the knee joint in each group of animals was determined via Western blot and densitometric analysis of visible bands (Fig. 1, A and B) . There was signif- icantly more ECSOD in the whole joint of WT mice compared with Het mice (P Ͻ 0.01). Robust ECSOD immunostaining was present in the articular cartilage and subchondral bone of unstressed WT animals (Fig. 1C) , while ECSOD was minimally present in unstressed Het animals (Fig. 1D) . Eight weeks of running did not cause significant changes in joint ECSOD protein levels in WT (Fig. 1E) or Het animals (Fig. 1F) . The pattern of ECSOD gene expression mirrored the pattern of ECSOD protein levels, although there were no significant differences between groups (Fig. 1G) . There was no difference between groups in the amount of CuZnSOD or MnSOD protein present in knee joint homogenates (Fig. 1H ). There were no differences in nitrotyrosine levels between groups when analyzed via immunoblot or immunostaining (data not shown).
No changes in chondrocyte cell death (TUNEL staining). Following 8 wk of forced running, there was no difference in the number of TUNEL-positive chondrocytes in articular cartilage (Fig. 2B) in Het mice compared with WT animals ( Fig. 2A) .
Increased joint damage in Het animals following running. There were worse overall histology scores in the Het mice compared with WT mice [2.6 (2.2) vs. 1.0 (0.7), P ϭ 0.036] after 8 wk of forced running. The medial tibia surface showed the most striking damage (P ϭ 0.001), but lateral tibias also had significantly worse scores (P ϭ 0.04, Figs. 3 and 4 ). There were no significant differences in the two femoral surfaces. No differences between groups were observed for articular cartilage area and thickness or subchondral bone thickness. WT sedentary mice had significantly more joint damage than WT mice exposed to running (P ϭ 0.049).
Bone adaptations. Running increased (P Ͻ 0.05) the resistance to bending (I max , I min , Z max , Z min ) and torsion (Z p ) at the cross-sectional slice just proximal to the junction of the tibia and fibula in both mouse strains (Table 1) . Failure loads from mechanical testing were higher, but not significantly, in the running groups compared with controls (P ϭ 0.13, main effect of running). The simulated peak von Mises stresses were not different when failure load (Stress Fail ) was used in the finite element model. However, Het mice had higher von Mises stresses (P Ͻ 0.05) at the same slice where bone morphometry was measured when a standardized load (100 N) (Stress Std ) was used. The higher bone stress in response to standardized load suggests that Het mice had less favorable overall bone structure.
DISCUSSION
Oxidative damage to cartilage has been identified as a factor in osteoarthritis (5, 17) . We have previously found that extracellular superoxide dismutase (ECSOD) is highly expressed in human cartilage and decreased in OA cartilage and joint fluid, with footprints of oxidative damage (nitrotyrosine) present in extracellular matrix of cartilage (6, 25, 26) . The R213G mutation studied here for joint and bone effects has been shown previously to have reduced vascular tissue levels of ECSOD and an association with increased risk of ischemic heart disease (12) .
Mice heterozygous for the R213G mutation in our study had reduced levels of ECSOD in their joint tissue and when exposed to the stress of forced running demonstrated significantly more joint damage compared with WT runner mice. These Het mice did not have any observable physical differences or changes in weight compared with WT animals; thus the degree of mechanical loading on the knee joint was similar between the two runner groups. Sedentary mice from both Het and WT backgrounds had significantly higher body weights by the end of the study, did not show a difference in joint histology based on genetic background, but did have greater joint damage than WT runner mice.
Our data suggest that in WT mice forced running is associated with reduced joint damage and lower body weight compared with the sedentary state. However, when ECSOD levels are reduced, the benefits of running are lost. The combination of reduced levels of local antioxidant protection and the stress of increased mechanical loading from running resulted in more joint damage, akin to the effect of being sedentary. Other authors have previously found that a sedentary state increased the risk of OA. Hubbard-Turner et al. (10) found that C57Bl/6J mice exposed to running were protected from OA and had thicker joint spaces compared with sedentary mice up to 12 mo of age. Lapvetelainen and colleagues (13) found that mice at risk of OA from a collagen mutation were protected from arthritis by running.
The Het animals displayed a significant reduction in ECSOD protein in the tibiofemoral joint compartment and subchondral bone. The residual ECSOD appearing on the Western blots was likely derived from the single copy of the wild-type ECSOD gene present in these animals, and small amounts of ECSOD present in the synovial fluid or the small portions of the femur and tibia extracted with the joint capsule. Previous studies have shown an impact of exercise on ECSOD protein or mRNA including upregulation in skeletal muscle and aorta following a single bout of running in mice (6) and increases in plasma levels after acute exercise in endurance-trained humans (20) . We did not observe a statistical change in ECSOD mRNA or protein levels due to training.
We evaluated CuZnSOD and MnSOD levels in the R213G mice for compensatory changes, and we observed no difference in either CuZnSOD or MnSOD protein levels associated with animal strain or training regimen. Others have shown that both CuZnSOD and MnSOD are important antioxidant enzymes in protecting joints from osteoarthritis (28, 31) . Each of the SOD isoforms has a unique role in oxidant scavenging (SOD1 cytosolic and intracellular, SOD2 mitochondrial, ECSOD or SOD3 predominantly secreted and extracellular). The differences between studies assessing the impact of modification of antioxidant protection may be attributed to this specificity as well as different strains of animals used and/or different training protocols and time points analyzed.
Previous work has shown that forced exercise can cause oxidative stress, chondrocyte death, and cartilage damage depending on the model and the time points used for analysis (14, 15, 21, 32) . After 8 wk of training, we found no difference in nitrotyrosine levels or the number of chondrocytes undergoing cell death between the Het and WT trained mice although structural damage was identified. Baur and colleagues (2) used a similar training method to ours and did not see any evidence of structural cartilage damage in a mouse heterozygous for a MnSOD deficiency following running. However, they did observe oxidative damage in the form of increased intracellular nitrotyrosine and 15-F2t-isoprostane in cartilage tissue of runners.
The differences in damage may be attributed to the differences in location of the antioxidant enzyme. MnSOD protects the mitochondria in chondrocytes from oxidative stress. Baur et al. (2) found that a reduction in MnSOD levels causes more oxidative stress and cell death of chondrocytes but no structural changes in the cartilage. ECSOD is a secreted protein that binds to collagen and proteoglycans providing oxidant scavenging in the extracellular matrix. We did not observe any significant changes in the chondrocytes in terms of cell death, or nitrotyrosine, but did see more damage to the cartilage in mice deficient in joint ECSOD. Our earlier work identified nitrotyrosine formation in the extracellular matrix of human cartilage with ECSOD deficiency (25) . Failure of cartilage under mechanical stress may be a consequence of inadequate oxidant scavenging and oxidant damage to the structural mol- Fig. 4 . Histological grades of runners and sedentary animals. Sections were scored by 2 readers blinded to both group assignment and genetic background and resolved to a consensus score for each of the four joint surfaces using the method of Glasson et al. (8) . A mean score for each of the four joint surfaces was calculated for the WT runners and Het runners (A). There were significant differences between WT (n ϭ 8) and Het (n ϭ 13) runners in both the medial (P ϭ 0.001) and lateral (P ϭ 0.04) tibial surfaces. A mean score for each joint surface was also calculated for the sedentary mice (B). There were no significant differences between WT and Het Sedentary animals by joint surface. Values are means Ϯ SE. WT, wild-type; Het, heterozygous for the R213G polymorphism; Sed, sedentary mice, home-cage untrained; Run, mice exposed to forced running;CSA, cross-sectional area; Cort ThickMax, maximum cortical thickness; Imax, maximum area moment of inertia; Zmax, maximum section modulus; Imin, minimum area moment of inertia; Zmin, minimum section modulus; Ip, polar moment of inertia; Zp, polar section modulus; StressFail, von Mises stress at failure load; StressStd, von Mises stress at standard load. †P Յ 0.01, *P Ͻ 0.05, main effect of exercise; ‡P Յ 0.05, main effect of mouse strain. ecules in the extracellular matrix. We also speculate that oxidative and structural damage to joint tissues may manifest at different times. Waiting longer to euthanize animals following a running regimen may allow these slow degradative processes to progress further, ultimately leading to more visible damage within the joint compartment.
We explored the role that ECSOD plays in bone tissue and in response to mechanical loading. Using a high scan resolution, we detected favorable changes in the distribution of the cortical bone tissue in response to training, which increases the resistance to mechanical failure by bending and torsion. We did not detect an effect of ECSOD deficiency on the structural bone adaptations to training. Additionally, the difference between Het and WT mice in bone stresses in response to a standardized load was not altered by exercise. However, the lower bone stress exhibited by WT tibias in response to the standardized load suggests that WT mice had a more favorable overall bone structure compared with Het animals. The volume and magnitude of loading in the training regimen was probably not sufficient to be considered pathological loading in bone (2) . Thus it is likely the training protocol did not stimulate a strong enough oxidative stress response to cause excessive bone resorption in the face of reduced ECSOD but produced a strong enough loading stimulus to promote bone formation.
Mechanical loading may be able to stimulate intracellular antioxidant mechanisms and protect bone. MnSOD-deficient mice that ran on an inclined treadmill had lower levels of nitrotyrosine and 15-F2t-isoprostane within bone compared with MnSOD-deficient untrained controls, suggesting that other antioxidant enzymes were elevated to compensate for the loss of MnSOD (2) . Other work suggests that skeletal unloading exacerbates oxidative stress within the cytoplasm; and that CuZnSOD-deficient mice experience greater reductions in bone formation and greater bone loss in response to unloading compared with wild-type mice and the effect was blocked by administration of vitamin C (19) .
In conclusion, we have shown that a unique knock-in mouse model for the human R213G polymorphism in ECSOD has decreased levels of ECSOD in cartilage and bone compared with WT mice. Following 8 wk of forced running, Het animals had significantly more cartilage damage compared with WT runners. Interestingly, both Het and WT animals had beneficial bone responses to forced mechanical loading, although Het mice had less favorable overall bone structure. This animal strain may be used for future studies aimed at elucidating the detailed mechanisms of cartilage pathogenesis related to deficiencies in ECSOD, and understanding the role of oxidative stress in bone health.
